Abstract Rett syndrome (RS) is an X-linked neurodevelopmental disorder mostly involving mutations in the gene for methyl-CpG-binding protein 2 (MECP2). Ganglioside abnormalities were previously found in cerebrum and cerebellum in RS patients. We evaluated total lipid distribution in cerebrum/brainstem, hippocampus, and cerebellum in male mice carrying either the Mecp2 tm1.1Bird knockout mutation or the Mecp2 308/y deletion mutation. The concentration of the neuronal enriched ganglioside GD1a was significantly lower in the cerebrum/brainstem of Mecp2 tm1.1Bird mice than in that of age matched controls, but was not reduced in the Mecp2 308/y mice. No other differences in brain lipid content, including myelin-enriched cerebrosides, were detected in mice with either type of Mecp2 mutation. These findings indicate that the poor motor performance previously reported in the RS mutant mice is not associated with major brain lipid abnormalities and that most previous brain lipid abnormalities observed in RS patients were not observed in the Mecp2 tm1.1Bird or the Mecp2 308/y RS mice.
Introduction
Rett syndrome (RS) is a progressive X-linked neurodevelopmental disorder afflicting mostly females and involves microcephaly, reduced muscle tone, repetitive hand movements, anxiety, autistic-like behavior, and epileptic seizures [1] [2] [3] . About 80% of females with RS have mutations in the gene for methyl-CpG-binding protein 2 (MECP2) [3, 4] . The MeCP2 protein is a transcription regulator, which can both activate and repress transcription [1, 5] . Mouse mutants were produced that express either partial deletion (Mecp2 308/y ) or extensive deletion (Mecp2 tm1.1Bird ) of the MECP2 gene [1, 6] . The behavioral motor abnormalities occur earlier and are more severe in male mice carrying the Mecp2 tm1.1Bird mutation than in male mice carrying the Mecp2 308/y mutation. It is not clear how alterations in the MECP2 gene contribute to the behavioral, neurodevelopmental, and neurochemical abnormalities in either patients or in mice with RS, but multiple mechanisms involving gene-environmental interactions are likely involved [1, [6] [7] [8] .
Previous studies showed lipid and ganglioside abnormalities in frontal and temporal cortex, cerebellum, and in cerebrospinal fluid of patients with RS [9] [10] [11] . Some of these brain lipid changes were associated with neuropathology involving Purkinje cell loss and gliosis in cerebellum, and gliosis, synaptic and myelin abnormalities in frontal cortex [9, 10, 12, 13] . The content of galactocerebroside, an excellent lipid marker for myelin content [14, 15] , was reduced in temporal white matter of some Rett patients, but was not reduced in white matter from frontal cortex suggesting local rather than global myelin abnormalities [10] . The status of myelin content in RS cerebellum is ambiguous. Cerebellar cerebrosides were reported elevated in one study of RS patients [9] , whereas histological evidence of cerebellar myelin and white matter loss was reported in other studies of RS patients [12, 13] . The neuronal-enriched ganglioside GD1a was also reduced in frontal gray matter and white matter of some RS patients [10] . However, most of the lipid changes found in RS patients and mice were subtle at best and were not clearly associated with documented morphological changes. Morphological changes were recently found, however, in cortex, hippocampus, and cerebellum of Mecp2 mutant mice [16] . Furthermore, subtle changes in brain phospholipids were also recently reported in the Mecp2 tm1.1Bird mutant mice [17] . Viewed together, these findings suggest that lipid abnormalities might contribute to RS pathogenesis.
Lipids can provide important information on the structure and function of the nervous system. Gangliosides are sialic acid-containing glycosphingolipids that are enriched in neural membranes and are sensitive indicators of neural membrane integrity. Gangliosides GD1a and GT1b are enriched in neuronal and synaptic membranes, whereas ganglioside GD3 is enriched in reactive glial cells and is a good marker for neurodegeneration [18] [19] [20] [21] . In the mouse cerebellum, GD1a is enriched in granule cells while LD1/ GT1a is enriched in Purkinje cells [22, 23] . Changes in these gangliosides are indicative of changes in granule cells and Purkinje cells, respectively [19, 20, 22, 24] . GM1 and cerebrosides are enriched in myelin and can be indicative of CNS myelin content [15, 25, 26] . Although cholesterol and phospholipids are present in most neural membranes, cardiolipin is enriched in the inner mitochondrial membrane and plays an important role in energy metabolism [25, 27] . Hence, changes in brain lipid content and distribution can be indicative of neuropathology.
In light of the lipid and the morphological changes in the brain of RS patients and Mecp2 mutant mice, we examined total lipid composition in cerebrum/brainstem, hippocampus, and cerebellum in two strains of mice with RS. The concentration of ganglioside GD1a was significantly lower in the cerebrum/brainstem of Mecp2 tm1.1Bird male mice than in the control male mice suggesting a disturbance in synaptic integrity in this brain region of this strain. Although motor performance is worse in the mutant male RS mice than in control male mice, no significant abnormalities were detected for the content or distribution of most major cerebellar lipid classes in the RS mutant mice to include myelin-enriched lipids. These findings indicate that with the exception of reduced GD1a in the Mecp2 tm1.1Bird mice, the lipid abnormalities reported in humans with RS are not observed in mice with RS.
Experimental Procedure Mice
The inbred B6.129S-Mecp2 tm1Hzo /J (Mecp2 308/y ) Rett mice were originally obtained from the Jackson Laboratory (Bar Harbor, Maine) and were generated as previously described [1] . Mixed background Mecp2 tm1.1Bird /J (C57BL/6J.129S/ CD1) mice were obtained as a gift from Michael Greenberg (Harvard University) and were generated as previously described [6] . The mice were maintained through brothersister inbreeding and kept in the Animal Care Facility of Boston College with all procedures in strict adherence with the NIH Guide for the care and use of laboratory animals and approved by the Institutional Animal Care and Use Committee. The mice were housed in plastic cages with Sani-chip bedding (P.J. Murphy Forest Products Corp., Montville, N.J.) and kept on a 12-h light/dark cycle at approximately 22°C. All cages and water bottles were changed once per week. Only males were used for these studies since female Rett mice have a less severe disease phenotype than male Rett mice [1, 6] .
Mouse Genotyping
DNA from 30 day-old Mecp2 tm1.1Bird and Mecp2 308/y mice was isolated from *3 mm of tail using the Qiagen DNeasy tail tissue protocol. PCR amplification for both strains was performed using 1 ll of DNA (*50-100 ng mice PCR amplification, the concentration of each primer was 20 mM. The control primer set amplified an internal control 324 bp fragment band (IL-2 gene) from the wild-type allele. The Mecp2 forward primer along with the reverse Ra primer (reaction A) amplified a 400 bp fragment from the disrupted Rett allele, whereas the Mecp2 forward primer along with the reverse Rb primer (reaction B) amplified a 416 bp fragment from the wild-type allele. The DNA was amplified using the following protocol for reactions A and B:
Initial denaturation 94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 30 s; annealing 63°C for 1 min (for reaction A) and 57.5°C for 1 min (for reaction B); extension at 72°C for 1 min; and a final extension at 72°C for 5 min following the last cycle.
The PCR reaction for the Mecp2 308/y mice, was set up similar to that of the JAX genotype protocol for the Mecp2 308/y mice with the following modifications: 5 ll of 5X GoTaq Buffer, 0.5 ll dNTPs (10 mM mix), 5 ll forward primer (5 0 -AACGGGGTAGAAAGCCTG-3 0 ), 2.5 ll AR Primer (5 0 -TGATGGGGTCCTCAGAGC-3 0 ), 2.5 ll BR primer (5 0 -ATGCTCCAGACTGCCTTG-3 0 ), 0.25 ll GoTaq DNA Polymerase (Promega) and 8.25 ll water for a 25 ll reaction volume. For the Mecp2 308/y mice PCR amplification, the concentration of each primer was 10 mM. DNA was amplified using the following protocol: Initial denaturation at 94°C for 2 min, followed by 31 cycles of denaturation at 94°C for 45 s; annealing 62°C for 45 s; extension at 72°C for 45 s, and a final extension at 72°C for 5 min following the last cycle. The forward primer along with the AR primer amplified a 396 bp fragment from the wild type allele, whereas the forward primer along with the BR primer amplified a 318 bp fragment from the knockout allele. PCR products (12-15 ll) were separated on 1% agarose gels containing ethidium bromide, visualized with UV light, and analyzed using the FluroChem8900 Software. PCR reactions A and B for the Mecp2 tm1.1Bird were run and analyzed separately.
Lipid Isolation, Purification, and Quantitation
Total lipids were extracted with chloroform (CHCl 3 ) and methanol (CH 3 OH) 1:1 by volume and were purified from the lyophilized brain tissue using modifications of previously described procedures [28] [29] [30] . Neutral and acidic lipids were separated using DEAE-Sephadex (A-25, Pharmacia Biotech, Upsala, Sweden) column chromatography as previously described [31] . The total lipid extract, suspended in CHCl 3 :CH 3 OH:dH 2 0, 30:60:8 by volume (solvent A), was applied to a DEAE-Sephadex column (1.2 ml bed volume) that had been equilibrated prior with solvent A. The column was washed twice with 20 ml solvent A and the entire neutral lipid fraction, consisting of the initial eluent plus washes, was collected. This fraction contained cholesterol, phosphatidylcholine, phosphatidylethanolamine and plasmologens, sphingomyelin, and cerebrosides. Next, acidic lipids were eluted from the column with 35 ml of solvent B (CHCl 3 :CH 3 OH:0.8 M Na acetate, 30:60:8 by volume).
The acidic lipid fraction, containing gangliosides, was dried under rotary evaporation and was then ''Folch'' partitioned to separate the acidic phospholipids lipids and sulfatides into the lower organic phase and the gangliosides into the upper aqueous phase as previously described [28, 32, 33] . The amount of sialic acid in the ganglioside fraction was determined by the resorcinol assay [34] . The ganglioside fraction was further purified with base treatment and desalting, as previously described [29, 35] . After the ganglioside fraction (Folch upper phase) was transferred, the acidic phospholipid fraction (Folch lower phase) was evaporated under a stream of nitrogen and resuspended in 10 ml of CHCl 3 :CH 3 OH (1:1 by volume). This fraction contained cardiolipin, phosphatidylserine, phosphatidylinositol, and sulfatides.
High-performance Thin-layer Chromatography
All lipids were analyzed qualitatively by high-performance thin-layer chromatograph (HPTLC) according to previously described methods [29, 31, 36, 37] . To enhance precision, an internal standard (oleoyl alcohol) was added to the neutral and the acidic lipid standards and samples as previously described [31] . Purified lipid standards were either purchased from Matreya Inc. (Pleasant Gap, PA, USA), or Sigma (St. Louis, MO, USA). For gangliosides, the HPTLC plates (E. Merck, Darmstadt, Germany) were developed and visualized as in Fig. 1 and as previously described [29] . For neutral and acidic phospholipids, the plates were developed to a height of either 4.5 cm or 6 cm, respectively with chloroform: methanol: acetic acid: formic acid: water (35:15:6:2:1 by volume), and then both were developed to the top with hexanes: diisopropyl ether: acetic acid (65:35:2 by volume) as shown in Figs. 2 and 3 , and as previously described [25, 31] . Neutral and acidic phospholipids were visualized by charring with 3% cupric acetate in 8% phosphoric acid solution, followed by heating in an oven at 165°C for 7 min. The percentage distribution and density of individual bands was determined as previously described [29] . Briefly, the HPTLC plates were scanned on a Personal Densitometer SI with ImageQuant software (Molecular Dynamics). The total brain ganglioside distribution was normalized to 100% and the percentage distribution values were used to calculate sialic acid concentration of individual gangliosides (lg/ 100 mg dry wt) as we previously described [24] . For the neutral and the acidic phospholipids, each lipid was normalized to the internal standard (oleyl alcohol) and its concentration was quantified using a standard curve of each respective lipid over the range of 1.0-4.0 lg [31] . Representative standard lipid mixtures for neutral and acidic lipids are shown on the HPTLC in Figs. 2 and 3 , respectively. The lipid methodology we employed in these studies is capable of detecting relatively small differences in brain lipid levels (less than 10%) as we previously showed [19, 25, 29, 32] .
Statistical Analysis
All data were analyzed by the two-tailed Student's t-Test to calculate statistical significance between the control mice and the RS mice.
Results
Our objective was to determine if the brain lipid changes reported previously in patients with RS also occurred in mice with RS. The neurological phenotype appears earlier and is more severe in the male Mecp2 tm1.1Bird mice than in the male Mecp2 308/y mice [1, 6] . Since the neurological phenotype is also more severe in male mice than female mice, our analysis was restricted to males. Due to differences in age of phenotype onset, we evaluated the Mecp2 tm1.1Bird mice at 68 days of age and the Mecp2 308/y mice at 321 days of age ( Table 1) . The cerebrum/brainstem weight was significantly lower by about 13% in the Mecp2 tm1.1Bird -/y mice than in the ?/y mice, but was not lower than normal in the Mecp2 308/y mice. No differences for hippocampus or cerebellum weight were detected between the ?/y and -/y mice for either Mecp2 strain. No significant differences for total ganglioside content were found between the ?/y and -/y mice across the brain regions in either Mecp2 strain ( Table 1) . The qualitative and quantitative distribution of the individual ganglioside species in the various brain regions is shown in Fig. 1 and Table 2 . The thin-layer chromatographic ganglioside distribution is shown only for Mecp2 tm1.1Bird mice in Fig. 1 , as this distribution was similar to that found in the Mecp2 308/y mice. GM2 and GM3 were present in only trace amounts in both the ?/y and -/y mice of either strain and were not included in the analysis. Ganglioside GD1a was significantly lower, by about 15%, in the cerebrum/brainstem of the Mecp2 tm1.1Bird -/y mice than in the ?/y mice. No other 308/y -/y and ?/y mice, but no differences were found (data not shown). The differences in ganglioside content and distribution between younger and older mice and among the different brain regions were reported previously in other mouse strains [26, 35, 37] . Hence, with the exception of reduced GD1a in cerebrum/ brainstem of the Mecp2 tm1.1Bird -/y mice, no significant abnormalities were found for the content or distribution of gangliosides in the Mecp2 tm1.1Bird or the Mecp2 308/y mutant male mice.
The qualitative and quantitative distribution of the individual neutral lipids and acidic lipids in the various brain regions of the two Mecp2 strains are shown in Figs. 2 and 3 and Table 3 . No statistically significant abnormalities for the content of any major neutral lipid or acidic lipid were found among the brain regions between the ?/y and -/y mice in either of the two Mecp2 strains. Ceramide was present in only trace amounts in both the ?/y and -/y mice of either strain and were not included in the analysis. In mice, cerebrosides are among the most sensitive biochemical markers for myelin content [15, 26] . Glucocerebroside is a transient precursor for ganglioside biosynthesis and is present in only trace amounts in mammalian brain. The doublet band for cerebrosides shown on the HPTLC in Fig. 2 comprises almost exclusively galactocerebroside. Our data on cerebrosides therefore reflect the content of galactocerebroside. Sulfatides and GM1 ganglioside, while not specific for myelin, are more concentrated in white matter than in gray matter [26, 38, 39] . Our results show that neither cerebrosides, sulfatides, nor GM1 were significantly altered in the cerebrum/brainstem, hippocampus, or cerebellum of Rett mutant mice. Viewed collectively, these results indicate that neither the Mecp2 tm1.1Bird male mice nor the Mecp2 308/y male mice contain significant abnormalities in the content or in the distribution of the major neutral or acidic brain lipids.
Discussion
Our findings showed that ganglioside GD1a was significantly lower in the cerebrum/brainstem of the -/y mice than in the ?/y mice of the Mecp2 tm1.1Bird strain. Interestingly, GD1a was also reduced in cerebral cortex of some Rett patients [10] . The cerebrum/brainstem weighed less in the -/y mice than in the ?/y mice of this mouse strain. Since GD1a is enriched in synaptic membranes [19, 40, 41] , these findings suggest that cortical synapses are abnormal in the Mecp2 tm1.1Bird male mice. These findings could be related to the small volumetric abnormalities found recently in the cerebral cortex of the Mecp2 tm1.1Bird male mice [16] . Although, recent studies showed reduced volume of hippocampus and cerebellum in the Mecp2 tm1.1Bird male mice [16] , we did not detect significantly reduced weights or lipid abnormalities in these brain regions. No significant abnormalities were found for the qualitative or quantitative distribution of other gangliosides or of major neutral and acidic lipids in cerebrum/brainstem, hippocampus or cerebellum of either the Mecp2 tm1.1Bird or Mecp2 308/y mutant male mice. We do not, however, exclude the possibility that subtle changes in lipid fatty acid molecular species might occur in the mutant mice. Nevertheless, our findings indicate that most of the behavioral and motor abnormalities previously reported in Rett mice are not associated with significant changes in content or compositions of the major brain lipids.
Previous studies showed elevations of ganglioside GD3 in temporal cortex, frontal cortex, and cerebellum of RS patients [9, 10] . Ganglioside GD3 is enriched in reactive astrocytes and is increased in CNS diseases in association with neurodegeneration and gliosis [10, 19, 21, 42] . The elevation of GD3 in the brains of RS patients is therefore 467 ± 14 443 ± 12 509 ± 22 507 ± 22 346 ± 14 325 ± 11 443 ± 13 432 ± 6 300 ± 17 294 ± 16 a Values represent the mean ± SE (n = 3-4 independent samples). Asterisk indicates statistical significance where P \ 0.05 as determined by two-tailed t-test Determined from densitometric scanning of HPTLC plates, as shown in Fig. 2 c Determined from densitometric scanning of HPTLC plates, as shown in Fig. 3 indicative of neurodegeneration. The normal levels of GM1, GT1a/LD1, GT1b, GQ1b, and GD3 in the cerebrum/ brainstem, hippocampus, and cerebellum of the Mecp2 tm1.1Bird and the Mecp2 308/y mutant male mice indicate that neurodegeneration is not a major phenotype in these mouse mutants in contrast to humans with the disease.
Galactocerebroside is enriched in mature myelin and is an excellent lipid marker for the content of CNS myelin [14, 26] . Considerable ambiguity was found, however, for myelin and cerebroside content in cortex and cerebellum of RS patients [9, 10] . The cerebroside deficiency reported in RS patients was observed only in temporal white matter, but was not observed in white matter from frontal cortex or from cerebellum [10] . In contrast to temporal cortex white matter, cerebroside content was actually higher in Rett patients than in controls in cerebellum [9] . The absence of differences for cerebrosides, sulfatides, and GM1 in the brains of the Mecp2 tm1.1Bird and the Mecp2 308/y mutant male mice indicates that myelin abnormalities are unlikely present in these mice. We were also unable to find changes in the content or distribution of phosphatidylcholine or cardiolipin, as was previously reported in the Mecp2 tm1.1Bird male mice [17] . Differences in lipid methodology could account for differences between our results and the previous findings of Viola et al. As we did not look specifically at plasmalogen content, we do not exclude the possibility that the Rett mice might contain subtle changes in brain plasmalogen content. In summary, our neurochemical findings show that, with the exception of GD1a, major lipid abnormalities are not present in the brains of the Mecp2 tm1.1Bird
or Mecp2 308/y RS mice. Reduction of GD1a in the Mecp2 tm1.1Bird mice suggests that these mice express abnormalities in cortical synapses.
